Recent sequence analysis revealed that the human pathogen echovirus 22 (EV22) is genetically distant from all the other picornaviruses studied to date (T. Hyypia, C. Horsnell, M. Maaronen, M. Khan, N. Kalkkinen, P. Auvinen, L. Kinnunen, and G. Stanway, Proc. Natl. Acad. Sci. USA 89:8847-8851, 1992). We have further characterized the biological properties of the virus and show here that the virion has properties similar to those of other picornaviruses. However, the protein composition is unique, in that most copies of one of the three major capsid proteins, VPO, do not undergo the further processing to VP2 and VP4 observed during the maturation of the virus in previously studied picornaviruses. Alignment of the capsid protein sequences with those of other picornaviruses revealed, furthermore, that the VP3 polypeptide contains an apparent insertion of approximately 25 amino acids at its amino terminus. An arginine-glycine-aspartic acid (RGD) motif is found in VP1, and by using synthetic peptides, it was shown that this sequence plays a role in cell surface receptor recognition. Finally, EV23 was shown to share remarkable identity with EV22 in certain parts of the genome and also belongs to this previously unrecognized picornavirus group.
Picornaviruses have been divided into five genera (aphtho-, cardio-, entero-, hepato-, and rhinoviruses), largely on the basis of physicochemical properties and pathogenicity but more recently also by consideration of molecular characteristics (12, 20, 27) . Work carried out during the past few years has shown that these approaches broadly agree. However, nucleotide sequence analysis of one particular virus, echovirus 22 (EV22), presently classified as an enterovirus, revealed that while it is clearly a picornavirus in terms of genome organization, it shares only a very low degree of identity with enteroviruses or indeed other picornaviruses (14) . In addition to the low overall degree of identity, the EV22 sequence revealed several features of interest. One of these is the occurrence, at the C terminus of VP1, of the tripeptide RGD (arginineglycine-aspartic acid), a motif frequently associated with cellcell and virus-cell interactions (25) . The RGD sequence is found in a context similar to those shown to be active in cell attachment in foot-and-mouth disease virus (FMDV) (11) and coxsackievirus A9 (CAV9) (4, 5, 21) . Furthermore, in contrast to the overall low degree of identity to other picornaviruses, there are a number of sequences in the 5' untranslated region which are shared with the cardiovirus encephalomyocarditis virus.
EV22 and EV23, with which it appears to share some unusual properties, were originally isolated by Wigand and Sabin in 1956 during studies on summer diarrhea (30) . During their original characterization, it was observed that the cytopathic effect of EV22 and EV23 in cell cultures was incomplete when compared with that of typical echoviruses (30) . Distinctive cytopathology in EV22-and EV23-infected cell cultures has also been reported by other investigators (15, 26) , with the * Corresponding author. Phone: 358-21-6337008. Fax: 358-21- 6337000.
major differences appearing in the nucleus and including changes of the nucleolus and nuclear chromatin. It 
has been
shown that the host cell protein synthesis shutoff, mediated in part by P220 cleavage, which is usually observed in entero-, rhino-, and aphthovirus infections, is not seen in EV22-infected cells (7, 8) . A further observation is the lack of inhibition of EV22 and EV23 replication by 2-(o-hydroxybenzyl)-benzimidazole, in contrast to other echoviruses (10) . Thus, EV22 and possibly EV23 have properties which are distinctive in both molecular and biological terms.
We describe here the results of further experiments and more detailed analysis of the nucleotide and predicted amino acid sequences, designed to increase an understanding of the biological properties of EV22 and particularly to clarify its position in the picornavirus family. In view of the observed similarity between EV22 and EV23 in biological terms, we have also determined the sequence of the VP1 region of the latter virus to identify conserved and divergent features which may give some insight into biological function. The results add weight to the idea that EV22 and EV23 are closely related members of a distinct picornavirus group.
MATERIALS AND METHODS
Purification and analysis of radioactively labeled virions. All the virus strains used in the study were (17) . Eluted peptides were collected manually, concentrated in a vacuum centrifuge, and subjected to sequence analysis in a gas-pulsed liquid sequencer (16) .
Analysis of acid lability. EV11, EV22, EV23, poliovirus type 1, human rhinovirus type 1B (HRV1B) and HRV14 were tested for their acid lability. Viruses were grown in susceptible cells and harvested when the cytopathic effect was nearly complete. The cell debris was pelleted, and the supernatant was used for the assay. An equal volume of citric acid buffer, pH 4, was added to the supernatant prior to incubation for 1 h at 37°C. The mixture was neutralized, and the infectivity was measured by titration in the appropriate cell lines. Acid lability was assessed by comparing the titers with those from untreated supernatants.
Determination of the density of virus particles. The buoyant density of EV11, EV22, and HRV14 virions, labeled and purified as described above, was analyzed in CsCl gradients. The purified virions were resuspended in CsCl (1.35 g/cm3 in 100 mM Tris-HCI, pH 7.5) and run for 24 h at 22°C in a Beckman SWSSTi rotor (45,000 rpm). Aliquots of the 250-,ul fractions were tested for refractive index, infectivity, and radioactivity. The densities of picornaviruses other than EV22 listed in Table 1 are according to reference 24. cDNA cloning and sequencing. For cDNA cloning, 1 ,ug of EV23 RNA was reverse transcribed, homopolymer tailed with C residues and cloned into G-tailed pBluescript vector by the cDNA-RNA hybrid procedure (28) . A cDNA clone, selected by hybridization to a randomly primed cDNA probe and found by comparison with the EV22 sequence to cover the VP1 region, was sequenced by the dideoxynucleotide method.
Peptide blocking of cell surface receptor binding. Confluent cell monolayers of A549 cells were preincubated with or without the peptides (RRRGDL or RRGEL) for 45 min at room temperature. The peptide solution was removed, and the cells were infected with purified viruses in the presence or absence of the peptide. After 15 min of incubation at room temperature, the unadsorbed inoculum virus was removed by thorough washing and the plaque overlay (0.5% carboxymethyl cellulose in the culture medium) was added (21) . The results were scored after 2 to 4 days by counting the number of plaques.
Computer analysis. The amino acid sequence alignments were carried out with Genetics Computer Group software (9) .
RESULTS
Physical properties of the EV22 virion. Purified EV22 particles (28 nm in diameter) have earlier been shown to have a typical picornavirus-like appearance in electron microscopy (14) . Since physical properties have been major criteria in the definition of picornavirus genera, the properties of the EV22 virion were reassessed and compared with those of other picornaviruses ( Table 1 that the N terminus of VPO lacks a consensus motif for myristoylation and therefore that this modification probably does not occur, a conclusion supported by direct experimental evidence (data not shown). This is in marked contrast to most other picornaviruses, for which the presence of a myristate moiety is believed to be a critical feature in the processing and assembly of capsid proteins (6) .
Comparative sequence analysis. To gain a more detailed understanding of the relationships between EV22 and other picornaviruses, the capsid protein sequences were aligned (Fig.  3) . In addition, the sequence of the region encoding the VP1 protein of EV23, shown to share some of the biological features of EV22, was determined. For the VPO/VP2 region in particular, virtually all the i sheets making up the eightstranded antiparallel 1-barrel structure (2, 13, 19, 23) typical of the picornaviruses studied to atomic resolution were readily aligned for EV22 and other picornaviruses. In the "puff" region, located between E and F, there is a relatively large deletion in EV22 compared with the other picornaviruses except FMDV. VP3 aligns relatively clearly and apparently shares the main structural motifs of the other picornaviruses, except that there is a relative N-terminal extension of around 25 amino acids which is highly basic.
In contrast to most other picornaviruses, VP1 is the smallest capsid protein (20) . Since it is the most divergent protein, it is difficult to align, but it is clear that the loops joining the sheets are generally shorter than those of polioviruses, rhinoviruses, and mengovirus. The predicted sequence of the EV23 VP1 protein shows a high degree of identity with that of EV22. The differences are mainly concentrated in some of the predicted loop regions (e.g., B-C and G-H) and particularly at the C terminus. It is likely that these include regions of antigenic importance by analogy to known picornavirus structures (2, 13, 19, 23) . The genetic relationship between the VP1 proteins of the viruses under comparison is expressed in the form of a dendrogram in Fig. 4 Interaction of EV22 with the cell surface receptor(s). The EV22 VP1 polypeptide contains an arginine-glycine-aspartic acid (RGD) motif (Fig. 3) , in a context similar to those of FMDV and CAV9, for which a role in cell attachment has been demonstrated (11, 21) . Synthetic peptides were therefore used to test whether RGD is involved in an interaction with the cellular receptor. An oligopeptide, RRRGDL, based on the CAV9 motif was previously found to be effective in blocking CAV9 attachment in a dose-dependent manner (21) . A plaque technique was used, rather than virus-binding assays, to ensure that the attachment of infectious virus, capable of initiating the replication cycle, was assessed. A clear inhibitory effect was obtained at peptide concentrations of 1, 2, and 5 mM RRRGDL, while RRGEL exhibited significantly less inhibition at the same concentrations (Fig. 5) . The significance of the RGD motif is further evident from its occurrence in an analogous position in the EV23 VP1 protein (Fig. 3) . Although the amino acid sequences of the VP1 proteins of these two viruses share a high degree of identity, the C-terminal 16 amino acids are highly diverse. Indeed, the only identical residues are RGDXA and the conservation of the RGD sequence in such a variable context strongly implies a critical role.
DISCUSSION
The work described here significantly extends our understanding of EV22, previously recognized in terms of its biological properties and nucleotide sequence as a rather atypical enterovirus (7, 8, 10, 14, 26, 30) . It confirms that, although EV22 shares some of the physical properties of enteroviruses such as pH stability and buoyant density, it is distinct in molecular terms and can be considered the first identified member of a novel picornavirus group. The results have also identified EV23 as another member of this group and have started to clarify the molecular and biological properties of these picornaviruses.
The results summarized in Table 1 show how the properties of the presently recognized picornavirus genera compare with those of EV22. The buoyant density of the EV22 particle is similar to those of other picornaviruses, particularly the enteroviruses (24) . Like the other viruses which are resistant to the low pH of the stomach (enteroviruses and hepatoviruses), EV22 exhibits acid stability. Despite these similarities, there are a number of significant differences from other picornaviruses. Two of these differences concern the VPO protein. It is our consistent finding that only three capsid proteins are present in the EV22 particle. The largest of these, which occurs in amounts apparently equimolar to VP1 and VP3, has been shown to contain protein sequences found immediately downstream of the initiation codon, in addition to sequences located throughout the predicted VPO protein. It therefore includes sequences previously proposed to correspond to both a short leader peptide (L) and VP4 (14) . Thus, on the basis of the stoichiometry, size, and sequence of this major protein, we conclude that L does not exist as a separate entity and also that VPO remains substantially, or completely, uncleaved in the mature EV22 particle. While other picornaviruses retain one or a few copies of unprocessed VPO in the virus particle, the cleavage of the majority of VPO polypeptides is believed to be important in the conformational changes which characterize maturation and stabilize the virus particles prior to the exit from the cell (6) . This therefore represents a major difference from other picornaviruses. It is interesting in this connectionCHARACTERISTICS OF ECHOVIRUS 22 8237 To further clarify the molecular relationships within the picornavirus genus, the amino acid sequences of the capsid proteins were aligned (Fig. 3) . The portion of VPO corresponding to VP2 in other picornaviruses is readily aligned and probable,B sheets can be easily identified. Many of these (e.g., A2, E, and F) share motifs seen in all picornaviruses. VP3 can also be aligned readily. These similarities make it probable that the EV22 particle has an architecture similar to that of other picornaviruses. Alignment reveals a highly basic extension to the N terminus of VP3 of around 25 amino acids. The spatial locations of the N termini of VP3 in other picornaviruses make it unlikely that this insertion lies on the surface of the particle, and it is possible that it interacts with the genomic RNA in the mature virion. Both this element and the structural details of VPO, whose uncleaved amino terminus presumably corresponds to the internal VP4 polypeptide of other picornaviruses, may thus have important roles in the assembly of the virus particle.
Alignment of the VP1 proteins is facilitated by the EV23 sequence data, which show an amino acid identity of 79% with the EV22 protein. Several of the differences between these viruses are concentrated in the loops linking predicted ,B sheets, particularly B-C, E-F, and G-H, which are major immunogens in other picornaviruses (2, 13, 19, 23) . However, the C-terminal region, flanking the RGD motif, is most highly diverse between EV22 and EV23, suggesting that this may also represent an important immunogenic site.
In isolates of CAV9, the only typical enterovirus to date shown to have a functional RGD sequence, this motif occurs in a position in VP1 analogous to that of EV22 and is in a similarly variable context (4, 5) . In both cases, alteration of the flanking residues presumably allows the generation of antigenic diversity, while maintaining the integrity of virus-receptor interactions. This has also been suggested for FMDV, where the RGD motif is located in the G-H loop, a major immunogenic site and a region of high variability between serotypes (2). In addition to its conservation in EV23, we have demonstrated directly the significance of the EV22 RGD motif by peptide blocking experiments, as done previously for FMDV and CAV9 (11, 21) . These indicate clearly that the motif is involved in the early stages of replication, presumably in cell attachment. The nature of the + 1 residue in EV22 (RGDM) and in EV23 (RGDL) is possibly significant since there is consistency with the CAV9 and FMDV pattern, whose functional RGD motif is often followed by either a leucine (L) or a methionine (M) residue. It is possible that this residue plays some role in defining exactly which integrin molecule is recognized by the virus. It is therefore interesting that crosscompetition for cell surface receptor binding is observed between EV22 and CAV9 (22) .
In conclusion, EV22 and clearly EV23 represent a new picornavirus group with characteristics which are partly shared with previously studied members of the family and partly found only in EV22 and EV23. The virus particle consists of components similar to those of other picornaviruses, with the exception that one of the major capsid polypeptides (VPO) is predominantly in an uncleaved form in mature virions. In addition, an amino-terminal basic extension is found in VP3. These structures may play important roles in the assembly of the virion, and studies concerning the three-dimensional structure of EV22 could cast new light on the architecture of picornaviruses. Cell surface receptor recognition of EV22 involves structures similar to those of some other members of the picornavirus family, and identification of these molecules will be interesting, especially to shed light on the pathogenesis of infection. In view of their distinct molecular and biological properties, further studies on the epidemiology and disease association of EV22 and EV23 are needed to elucidate more clearly their role as human pathogens.
